In this study, the granular red mud supported zero-valent iron (GRM@ZVI) was successfully synthesized with bentonite as binder and maize straw as pore former. zero-valent iron (ZVI) was synthesized by direct reduction of iron oxide in red mud with maize straw as reductant at 900°C. The synthesized material was characterized with different methods such as scanning electron microscopy, energy dispersive spectroscopy, X-ray diffraction, Fourier transform infrared spectroscopy, and Brunauer, Emmett and Teller. Various parameters affecting CV removal are as initial dye concentration (100-1,000 mg/L), initial pH (3.0-11.0), dosage (2-1.4 g/L) and temperature (303-323 K) have been investigated in present study. In addition, the three-adsorption kinetics has been employed to study the removal process of CV. The adsorption process was well fitted with the pseudo-second-order kinetic model which indicated that the chemisorption was the rate controlling step and internal particle diffusion controlled in some degrees. The Langmuir model good described the adsorption isotherms indicated the adsorption of CV occurring on a homogeneous surface. According to adsorption kinetics and isotherms, the maximum adsorption capacity of GRM@ZVI for CV was 305.84 mg/g. Summarily, the GRM@ZVI can be prepared as a low cost and effective adsorbent for the removal of dyes from aqueous solutions.
Introduction
Red mud (RM) is also called bauxite residue, a kind of waste tailing after Bayer alumina production [1] . Because of high alkalinity and large amount, RM causes serious environmental risk which may disrupt the surrounding ecological balance [2] . On average, to produce one ton of alumina, 1.0-2.0 tons of red mud are produced as waste. It is estimated that about 4 billion tons red mud have been produced annually in recent years and it is still rapidly increasing [3] . China is one of the largest producers of alumina in the world, the accumulative inventory of RM has reached more than an estimated 0.6 billion tons [4] . Hence, it is necessary to find a new option for the disposal and management of red mud tailing, at the same time, it is also one of the major challenges facing by the alumina industry [5] .
Red mud has good porous structure properties and its surface has an important hydroxyl group, so the use of RM as an adsorbent has been studied, such as heavy metal [6, 7] , organics [8] , and dyes [9] from aqueous solutions. In general, the mineral composition of RM includes various forms of iron, aluminum oxides and aluminosilicates [10] . The high amount of iron in red mud can be recovered by solid-phase method and be reduced to ZVI. The preparation of ZVI using a solid-phase reduction method has been studied and is a cost-effective method compared with the liquid phase reduction [11, 12] .
Recently, ZVI has attracted much attention and has been widely used in the field of water treatment due to its high reduction capacity, larger surface area and environmental friendliness. However, ZVI particles tend to aggregate and oxidize in aqueous solution, resulting in a decrease in catalytic ability and, limiting the application of water treatment. In order to solve this problem, researchers have attempted using different porous materials, such as bentonite, kaolinite, activated carbon and biochar, which aims to stabilize ZVI and reduce particle agglomeration [13] . ZVI has been applied to the removal of pollutants in aqueous solutions, including the degradation of dyes. Crystal Violet is a kind of cationic dyes with complex structure and hard degradation. They cause environmental problems and pose a serious threat to public health [14] . The powdered RM and ZVI have been used as adsorbents for CV removal in some studies [15, 16] . Because of its disadvantage in regeneration and recovery, the application in water treatment is limited. Therefore, it is necessary and feasible to prepare RM into granular adsorbent. But nowadays there are few studies on preparation of ZVI porous granular adsorbent by solid phrase reduction of red mud.
In this study, the red mud was employed as the main raw material to produce granular adsorbents (GRM@ZVI) to remove CV in aqueous solution. A cost-effective approach was used to prepare ZVI, which was directly synthesized through solid-phase reduction in the anoxic atmosphere. Maize straw was used as a reducing agent at 900°C and ZVI was well distributed in porous adsorption materials [17] . Bentonite and straw were applied as binding agents and aperture producer, moreover, bentonite and straw also effectively generate the gaps during sintering process which can accelerate for the CV adsorption. In addition, the parameters of CV adsorption and characteristics of GRM@ZVI, such as X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and Brunauer, Emmett and Teller (BET), were also discussed in this study.
Experiment

Materials and chemicals
Red mud (RM) was obtained from Shandong Aluminum Industry Co. Ltd. (Zibo, China). The chemical composition of RM was analyzed through XRF ( ) . All the reagents were of analytical grade and distilled water was used in all preparations. The solution pH was adjusted by using HCl and NaOH solutions.
Preparation of GRM@ZVI
GRM@ZVI was made by using raw materials with RM, maize straw and bentonite. The RM and bentonite were put in the oven for 24 h at 65°C and ground into a 200-mesh screen, maize straw was cut into small pieces and washed thoroughly with hot distilled water. After being dried at 85°C for 24 h, the pieces were comminuted and sieved through a 100-mesh screen with a micro plant grinding machine. Then GRM@ZVI was prepared with RM, maize straw, and bentonite at mass ratio of 2:1:0.5, added to the blender with the distilled water and mixed for 30 min. The mixture was extruded through an aperture board to get cylindrical particles with diameter of 3.5 mm and the particles were dried at 105°C for 24 h. The granular material obtained before sintering was called GRM. And then, they were sintered in an atmosphere sintering furnace at 900°C with the heating rate of 10°C for 60 min under reducing atmosphere [18] . After naturally cooling down in a vacuum, GRM@ZVI was finally obtained. Schematic diagram of GRM@ZVI preparation is shown in Fig. 1. 
Analytical methods
The microstructure of GRM@ZVI and GRM was characterized by using SEM (JSM-6700F). The elemental composition of GRM@ZVI and GRM was determined by energy dispersive spectroscopy (EDS, JSM-6700F). The BET-N 2 adsorption method was used to test the specific surface area with a surface analyzer (Micromeritics, ASAP 2020, Shanghai). The GRM@ZVI samples chosen for XRD analysis were ground and sieved through a 100-mesh screen. XRD spectroscopy patterns of GRM@ZVI and GRM were analyzed by XRD (D/max-γB). The functional groups of GRM@ ZVI were identified using FTIR (Bruker Vertex 70, Beijing). The content of ZVI in GRM@ZVI was measured by ferric chloride leaching-potassium dichromate titration method.
Batch experiments
A series of removal experiments of CV in aqueous solutions were carried out by using GRM@ZVI. The effect of the contact time was investigated by changing the time from 0.5 to 72 h at 303 K. The effect of initial pH in a range of 3.0 to 11.0 was studied. The pH was adjusted to the desired level with 0.1 M NaOH or 0.1 M HCl solutions. The initial concentration from 100 to 1,000 mg/L (100, 200, 400, 600, and 1,000 mg/L) was studied. The dosage (0.2-1.4 g) and temperature (303, 313, and 323 K) on the removal of CV by GRM@ZVI were studied. The obtained data were used to develop kinetic and equilibrium mathematical models. These flasks were shaken at 120 rpm in a shaker. The residual concentration of CV solution was measured using a UV-Vis spectrophotometer at λ max = 585 nm. The removal amount and efficiency of Crystal violet were calculated by the following formula:
where q t (mg/g) is the removal capacity of Crystal violet, C 0 (mg/L) is the initial concentration of Crystal violet, C t (mg/L) is the concentration of Crystal violet at time t, w (g) is the weight of the adsorbent, V (L) is the volume of the solutions, R (%) is the removal efficiency of the manufactured adsorbent.
Results and discussion
Characterization of GRM@ZVI
The morphology of GRM@ZVI and GRM was characterized by SEM and EDS as shown in Fig. 2 . It can be seen clearly that the GRM@ZVI surface was rough and produced a plenty of pores compared with GRM. These pores were produced by the organic substances in the maize straw during the pyrolysis process. In addition, fibrous maize straw can be connected to the closed pores during the pyrolysis process, increasing the specific surface area of adsorbent [19] . This also proved that GRM@ZVI was a porous adsorbent. The EDS image showed that GRM@ZVI was mainly composed of Fe, O, Al, Si and C. The EDS images of GRM@ZVI and GRM are shown in Fig. 2c . It proved that GRM@ZVI was mainly composed of Fe, O, Al, Si, and C.
Compared with GRM, the decrease of C and O in GRM@ZVI is mainly due to pyrolysis of organics and decomposition of carbonate and the reduction of combined water.
The XRD spectrum was also used to explore the phase structures of materials. The XRD patterns of GRM@ZVI and GRM are shown in Fig. 3a . The peak at 2θ = 44.64°, 65.166°, 82.378° represented the characteristic peak of ZVI and confirmed its existence in prepared GRM@ZVI. After sintering, the peak of Fe 2 O 3 (2θ = 33.06°, 2θ = 35.80°, 2θ = 54.19°) decreased [20] . Meanwhile, this also confirmed that iron oxide was reduced to ZVI by solid-phase reduction in high temperature reducing atmosphere.
The FTIR spectra in the range of 400-4,000 cm -1 for GRM@ZVI are presented in Fig. 3b . The two peaks at around 3,450 and 1,643 cm -1 were assigned to the stretching vibration of hydroxyl groups and were likely due to the presence of H 2 O or hydroxyl compounds in GRM@ZVI [21] . The characteristic band at 1,002 cm -1 corresponded to Si-O in the silicate groups [22] . Furthermore, the peaks at 468 and 521 cm -1 were observed on Fe-O of Fe 2 O 3 , indicating that Fe compounds existed in GRM@ZVI. These results and XRD analysis demonstrated that ZVI could be successfully loaded onto the surface of GRM@ZVI.
To study the specific surface area and pore size distribution of GRM@ZVI, BET analysis was used as shown in Fig. 4 . According to the IUPAC classification, the nitrogen adsorption-desorption isotherms of GRM@ZVI belongs to a typical type IV with a type H1 hysteresis loop due to the mesoporous pores of GRM@ZVI (Fig. 4a) . As shown in Fig. 4b , the pore size distribution curve of GRM@ZVI indicates that the pores in the sample are mainly mesopores (2-50 nm), and a small number of micropores and macropores. According to the results, the specific surface area and average pore size were 44.575 m 2 /g and 3.413 nm, respectively.
Effect of experimental parameters on the removal of CV
The solution pH played an important role in CV removal process. Fig. 5a shows that the effect of initial pH on removal of CV by using GRM@ZVI with initial concentration of 600 mg/L and a dosage of 2.0 g/L. The result showed that removal efficiency of CV increased with the increase of pH value from 1.0 to 11.0, which indicated that the removal amount of CV was higher at alkaline condition. The result can be explained by considering the point of zero charge (pH pzc ) of GRM@ZVI. The surface charge was positive at pH < pH pzc , the surface charge was neutral at pH = pH pzc and negative charge at pH > pH pzc [23] . The surface charge of the material can affect the electrostatic force between the adsorbent and the adsorbate. In this experiment, the point of zero charge of GRM@ZVI was about 5.2. The red mud contains rich metal oxides which can form aqua complexes in aqueous solutions and create a charged surface by amphoteric dissociation. At pH > pH pzc , the surface sites were mostly negatively charged and cationic was easily absorbed due to the electrostatic interaction between GRM@ ZVI surface and cationic. At lower pH, the repulsive forces between cationic CV and positive charge of GRM@ZVI surface would hinder the adsorption of CV. Furthermore, the properties and mineralogical composition of red mud would change with pH and the adsorption sites would be relatively lost because of the redundant H + in solutions competing with cationic CV at lower pH. However, under the acidic condition, the ZVI dissolved quickly into the bulk solution, which was essential for CV reduction [24] . At higher pH, the precipitation of ferrous hydroxide on the surface of the ZVI occupying the reactive sites stopped the release of ferrous ions and electrons, thus hindering the reaction. Therefore, in this experiment, at higher pH, the adsorption progress played a dominated role than the reduction process.
Furthermore, in order to study different pH on the colour of CV, UV-Vis spectra of CV at different pH are shown in Fig. 5b . The UV-Vis absorbance of CV showed that the absorption peak at 585 nm disappeared with the increase of pH at 1 and 13, and when the pH was in the range of 3-11, the colour had no significant difference. So, the solution pH too high or too low will hinder the reaction. Fig. 5c shows the effect of initial concentrations ranging from 100 to 1,000 mg/L on the removal of CV with initial pH 5.5 and a dosage of 2.0 g/L. Results indicated that the removal efficiency of CV increased as initial concentration decreased and the removal rate increased sharply at in the initial stage of the reaction. As the reaction progressed, the adsorption rate gradually decreased and tended to equilibrium. For instance, the CV removal amount quickly rose to 46.8 mg/g and nearly achieved 100% removal efficiency during 12 h with the initial concentration of 100 mg/L. Moreover, there was no obvious change after 24 h. While the initial concentration ranges from 100 to 1,000 mg/L, the trend of adsorption and reaction time was invariant. This scenario implied that the removal of CV occurred initially within the first 12 h. Since then, the CV concentration removal was rarely changed. As the initial concentration increased, the removal efficiency gradually decreased, and the time for adsorption to reach equilibrium also increased. The removal rates of CV were 100%, 92.8%, 83.6%, 75.3%, and 61.9%, respectively, with a concentration from 100 to 1,000 mg/L. The reason can be explained as: the removal of CV by GRM@ZVI was a heterogeneous reaction involving adsorption and reduction. Due to the adsorption capacity and reaction site being limited at the fixed GRM@ZVI concentration, an increase in the initial concentration led to competitive adsorption and reduction of CV on GRM@ZVI [17, 25] .
As shown in Fig. 5d , the removal efficiency of CV rose when the dosage of GRM@ZVI increased. The reason is that the increase of the adsorption dosage led to more zero-valent iron and higher adsorption sites on GRM@ZVI adsorbent which improved the removal efficiency of CV. When the adsorption dosage exceeded 0.8 g, the removal efficiency of CV tended to balance. At this point, the removal efficiency was up to 94.03%. When the dosage of adsorbent is too high, a large number of absorbable sites and zero-valent iron cannot be effectively used and the molecular weight of CV in contaminated water is limited, so the removal of CV did not increase but tended to gradually balance.
Adsorption kinetics
On the basis of the above results and together with previous reports, it was concluded that the CV removal in GRM@ZVI involves adsorption and simultaneous chemical reduction. In order to understand the specific dynamics of the removal process, different kinetic models were used to fit the experimental data. The CV removal in GRM@ZVI involved adsorption and simultaneous chemical reduction. Different kinetic models were used to understand the specific dynamics of the removal process. Pseudo-first-order, pseudo-secondorder kinetic model and the intra-particle diffusion theory have generally been used to establish the kinetics of CV adsorption onto GRM@ZVI. The kinetics equation can be expressed as:
The pseudo-first-order kinetics [26] :
The pseudo-second-order kinetics [27] :
The intra-particle diffusion [28] :
where q e and q t (mg/g) are the adsorption amounts of CV adsorbed on the adsorbent at equilibrium and at different times t. k 1 , k 2 , and k p are the rate constant of first and second order kinetic models and intra-particle diffusion model in h -1 , g(mg h) -1 , and mg/g h ½ , respectively. The kinetic parameters for the adsorption of CV are listed in Table 2 . Known by the correlation coefficient R 2 of kinetic model, pseudo-second-order model had a better description of CV adsorption than pseudo-first-order model. In contrast, the pseudo-second-order model contained the processes of adsorption, such as external liquid membrane diffusion, surface adsorption and intra-particle diffusion, which more truly reflects the adsorption mechanism of dyes on GRM@ZVI. Moreover, the value of q e (333.33 mg/g) calculated from the pseudo-second-order kinetics model was in good agreement with experimental value of q e (305.84 mg/g) at 303 K. Therefore, this demonstrated that chemisorption rather than physi-sorption was the rate controlling step throughout most of the adsorption process.
The pseudo-first-order and pseudo-first-order kinetic models only described the adsorption progress without identifying the diffusion mechanism. Therefore, the intraparticle diffusion model usually describes particle diffusion and with three adsorption steps. As shown in Fig. 6 , in this form, the first adsorption step was the external surface adsorption or instantaneous adsorption stage; the gradual adsorption stage occurred in the second part, where the intra-particle diffusion rate was controlled; the third step was the final equilibrium step, where the intra-particle diffusion begins to balance with the concentration decrease in solution [29] . As the plot of q t against t 0.5 had a deviation from the origin, indicating that intra-particle diffusion affected in controlling adsorption progress [30] . Therefore, the whole process of adsorption was mainly controlled by chemical adsorption, and also controlled by a certain degree of internal particle diffusion.
Adsorption isotherms
The equilibrium sorption isotherm is important in the design and analysis of sorption systems and is used to explain the relationship between adsorbent and adsorbate. In this study, the equilibrium sorption data were evaluated by Langmuir, Freundlich, and Temkin isotherms model. The Langmuir model proposed that the adsorption progress on a solid surface occurs in a monolayer and the adsorption sites are of equivalent energy. On the contrary, the Freundlich isotherm is described as assuming that the adsorption occurs on a heterogeneous surface and non-uniform distribution of the adsorption heat over the adsorbent surface takes place [31] . The Temkin isotherm described that the adsorption heat of the molecules in the layer decreased linearly with coverage. The equations can be expressed as: The Langmuir isotherm model [32] : The Freundlich isotherm model [33] :
The Temkin isotherm model [34] :
where C e (mg/L) denotes the equilibrium concentration of CV, q e (mg/g) is the adsorption amount at equilibrium (mg/g), q m (mg/g) is the maximum adsorption capacity and b, K f , and b T are the Langmuir constant. A is the equilibrium binding constant, R is the gas constant (8.314 J/mol K). R L describes the characteristic of the Langmuir isotherm with four probabilities, favourable adsorption (0 < R L < 1), unfavourable adsorption (R L > 1), linear adsorption (R L = 1), and irreversible adsorption (R L = 0). The data of CV adsorption isotherm adsorbed on GRM@ ZVI were shown in Table 3 . It showed that the correlation coefficient R 2 of Langmuir model was higher than that of Freundlich and Temkin models, which suggested the , and 313 K, respectively. In addition, the values of the separation factor (R L ) were 0 < R L < 1 from 0.03 to 0.37, and the temperature ranged from 303 to 323 K, respectively, it indicated that the CV adsorption on GRM@ ZVI was favourable and suitable. It can be concluded from these results that GRM@ZVI had extraordinary ability in scavenging CV from the contaminated water.
Toxicity of GRM@ZVI
Red mud is a kind of solid waste from alumina production, which contains a variety of metal elements and oxides. Using it as an adsorbent to remove contaminants in aqueous solutions may cause potential risk. Measuring the concentration of heavy metals in the lixivium aimed to inspect the toxicity of GRM@ZVI, and their concentrations are shown in Table 4 . According to the test standard of Hazardous Wastes Distinction Standard-Leaching Toxicity Distinction (GB 5085.3-2007, China) [35] and State Environmental Protection Administration of China (GB 3838-2002, China) [36] , it showed that all heavy metal concentrations in lixivium of GRM@ZVI were much lower than the threshold value. Consequently, GRM@ZVI in the removal progress did not release heavy metal ions and it was considered safe to be applied in wastewater treatment. Table 5 summarizes the maximum adsorption capacity of various adsorbents for CV removal. The results show that the maximum removal capacity of GRM@ZVI for CV was 305.84 mg/g and it was higher than other analogous adsorbents. In addition, the GRM@ZVI was quite a low-cost material made from red mud, bentonite, and straw as raw materials. Thus, GRM@ZVI was promising in wastewater treatment industry.
Comparison of different adsorbents for CV removal
Removal mechanisms
The degradation mechanism of CV from aqueous solution by GRM@ZVI involved the adsorption of CV by porous media and reduction by Fe 0 on GRM@ZVI. As shown in Fig. 7a , the reaction between GRM@ZVI and CV in solutions involved three steps. First, CV molecules were evenly distributed on the surface of GRM@ZVI in solutions. After that they migrated from the surface of GRM@ZVI and diffused into interior pores according to intra-particle diffusion model. Finally, CV was partly reduced to C 17 H 21 N 2 and C 8 H 11 N by Fe 0 and the adsorption process reached equilibrium. The reaction progress of CV with Fe 0 can be described as shown in Fig. 7b .
Furthermore, Fig. 7c reveals the changes in XRD patterns of GRM@ZVI during the reaction with CV. The result showed that the peaks of ZVI disappeared at 2θ = 44.64°, 65.166°, 82.378°, demonstrating that ZVI was oxidized by CV in solution. At the same time, the peaks of Al 2 O 3 at 2θ = 43.406° were still discovered before and after reaction with CV, so it was summarized that Al 2 O 3 did not participate in the reaction process. In order to further explore the [40] removal mechanisms, the FTIR spectra of GRM@ZVI after adsorption of CV is shown in Fig. 3b . A new peak appeared at 1,397 cm -1 due to the vibration of the C=N, indicating that CV was adsorbed on the GRM@ZVI [41] . During the removal process, the change of CV can be expressed by UV-Vis at different times in Fig. 7d . The UV-Vis absorbance of CV showed that with the progress of the reaction, the absorption peak at 585 nm gradually decreased and a new absorption peak appeared at 373 nm, indicating that a new chemical substance was generated. This was due to the fact that CV was reduced by the zero-valent iron in the surface layer of GRM@ZVI. 
Conclusions
In this study, GRM@ZVI was produced with three raw materials (red mud, bentonite, and maize) and sintered at 900°C, and in the reducing atmosphere it was evaluated according to adsorption capacity on CV. ZVI was synthesized and embedded in the granular porous adsorbent by direct reduction of ferriferous oxides in red mud. SEM, XRD, FTIR, and the batch experiments confirmed the characteristics of GRM@ZVI: (1) variety sizes of pores exist on the surface of the adsorbent material and mainly due to pyrolysis of the straw, (2) the present of ZVI and homodispersed in GRM@ZVI efficiently maintained reactivity, (3) the removal of CV on GRM@ZVI was highly efficient and dominated by chemisorption. From the result, the removal amount of CV by GRM@ZVI increased by increasing contact time, initial concentration, pH, and dosage of GRM@ZVI. Furthermore, the adsorption processes of CV onto GRM@ ZVI better matched the pseudo-second-order kinetic model, indicating the adsorption as a chemical interaction process controlled the removal process. In addition, the Langmuir model showed best fit with the present data, which indicated the adsorption of CV occurring on a homogeneous surface. In conclusion, the GRM@ZVI can be used as a potential, effective, and low-cost adsorbent for remediation of dyes from aqueous solutions.
